Edited by Amanda J. Fosang Hyaluronan (HA) is an extremely large polysaccharide (glycosaminoglycan) involved in many cellular functions. HA catabolism is thought to involve the initial cleavage of extracellular high-molecular-weight (HMW) HA into intermediate-size HA by an extracellular or cell-surface hyaluronidase, internalization of intermediate-size HA, and complete degradation into monosaccharides in lysosomes. Despite considerable research, the identity of the hyaluronidase responsible for the initial HA cleavage in the extracellular space remains elusive. HYAL1 and HYAL2 have properties more consistent with lysosomal hyaluronidases, whereas CEMIP/KIAA1199, a recently identified HA-binding molecule that has HA-degrading activity, requires the participation of the clathrincoated pit pathway of live cells for HA degradation. Here we show that transmembrane protein 2 (TMEM2), a mammalian homolog of a protein playing a role in zebrafish endocardial cushion development, is a cell-surface hyaluronidase. Live immunostaining and surface biotinylation assays confirmed that mouse TMEM2 is expressed on the cell surface in a type II transmembrane topology. TMEM2 degraded HMW-HA into ϳ5-kDa fragments but did not cleave chondroitin sulfate or dermatan sulfate, indicating its specificity to HA. The hyaluronidase activity of TMEM2 was Ca 2؉ -dependent; the enzyme's pH optimum is around 6 -7, and unlike CEMIP/ KIAA1199, TMEM2 does not require the participation of live cells for its hyaluronidase activity. Moreover, TMEM2-expressing cells could eliminate HA immobilized on a glass surface in a contact-dependent manner. Together, these data suggest that TMEM2 is the long-sought-after hyaluronidase that cleaves extracellular HMW-HA into intermediate-size fragments before internalization and degradation in the lysosome.
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Hyaluronic acid (HA)
2 is a glycosaminoglycan composed of repeating disaccharide units of glucuronic acid and N-acetylglucosamine. It is a linear polymer of extremely large molecular mass, often exceeding 10 6 Da (1). The sheer size of HA suggests that cells should have very efficient mechanisms for its metabolism. In fact, one-third of the total body HA, which is estimated to be 15 g in a human with a 70-kg body weight, is thought to be turned over daily (2) . In skin, the metabolic halflife of HA is 1 to 1.5 days (3). It is believed that high-molecularweight (HMW) HA (10 6 -10 7 Da) is first degraded extracellularly into intermediate-size fragments of 10 -100 kDa. These are then internalized and degraded to monosaccharides by the combined actions of lysosomal hyaluronidase and exoglucosidases (4) . Considering the accumulating evidence for the role of HA degradation in tumor invasion and metastasis (5) , identifying the molecule(s) that degrade HA on the cell surface is an important biological issue.
The HYAL family molecules have been implicated as the major players in HA catabolism. HYAL1 and HYAL2 are expressed widely and postulated to be the key hyaluronidases involved in HA catabolism in somatic tissues. However, some data on HYAL1 and HYAL2 are inconsistent with the notion that these molecules are the physiological hyaluronidases that cleave HMW-HA on the cell surface or in the extracellular space. Both HYAL1 and HYAL2 favor acidic pH for their activity. HYAL1 is enzymatically active only below pH 5.5 (6) , and the pH optimum for HYAL2 is pH 4 (7) . Such low pH optima suggest that they are more likely to be lysosomal enzymes. In fact, there is evidence that both HYAL1 and HYAL2 are primarily present in lysosomes (7, 8) . Although HYAL2 is GPI-anchored and a part of HYAL2 molecules are fractionated in the membrane fraction (9) , this does not entirely substantiate its physiological role as a cell-surface hyaluronidase, as its HA-degrading activity is very low, at least 50 times lower than that of HYAL1 (9, 10) . Other HYAL family molecules, PH-20/SPAM1 and HYAL5, can function at neutral pH (11, 12) . Although there are reports that PH-20/SPAM1 is expressed in some cancers (13) (14) (15) , their expression in normal tissues is largely restricted in the testis, and it is unlikely that PH-20/SPAM1 and HYAL5 act as principal extracellular hyaluronidase in a broad range of normal somatic tissues.
Other than the HYAL family molecules, the cell migrationinducing and hyaluronan-binding protein (CEMIP), also known as KIAA1199, has HA-binding and -degrading activities (16) . CEMIP is a putative secretory protein containing an N-terminal signal sequence, and therefore it is considered to be a strong candidate as a hyaluronidase that acts in the extracellular space. CEMIP-mediated HA degradation, however, requires the participation of the clathrin-coated pit pathway (16) , suggesting that CEMIP may not simply act as an extracellular hyaluronidase. Also noteworthy is that neither conditioned media of CEMIP-expressing cells nor recombinant CEMIP show HA-degrading activity. In addition, CEMIP is detected mainly inside the cells (16, 17) .
Against this backdrop, we sought to identify a novel hyaluronidase that is present and functions on the cell surface. Here we report that transmembrane protein 2 (TMEM2), a type II transmembrane protein with sequence similarities to CEMIP, is such a cell-surface hyaluronidase. TMEM2 depolymerizes HMW-HA to HA fragments of ϳ5 kDa in a Ca 2ϩ -dependent manner with a pH optimum between pH 6 and 7. Surface biotinylation and live cell immunostaining confirm that TMEM2 is indeed expressed on the cell surface, and TMEM2-expressing cells can degrade substrate-bound HA in a contact-dependent manner. Finally, absolute quantification of transcript copy numbers reveals that Tmem2 mRNA is expressed ubiquitously in adult mouse tissues and during development at far higher levels than Cemip mRNA. Together, these data suggest that TMEM2 is a novel hyaluronidase that cleaves extracellular HMW-HA into intermediate-sized fragments prior to internalization and complete degradation of these HA fragments in the lysosome.
Results

TMEM2 is expressed on the cell surface with a type II membrane topology
In search of a novel hyaluronidase that is present on the cell surface, we searched the database for mammalian proteins that have similarity to CEMIP. This led to the identification of TMEM2 (HUGO Gene Nomenclature ID: 11869), a member of the TMEM family, as a candidate. The TMEM family is a heterogeneous collection of more than 300 different human open reading frames that are grouped based only on the presence of at least one putative transmembrane domain (18) . The functions of many of TMEM proteins are unknown. In the case of TMEM2, however, the phenotype of zebrafish mutants of the TMEM2 homolog suggests its role in cardiac morphogenesis (19, 20) .
The open reading frame of human TMEM2 (NCBI RefSeq: NM_013390) predicts a type II transmembrane protein containing PbH1 repeats, a structural feature present in CEMIP (16) and in members of the bacterial polysaccharide lyase family (21) . Domain structures of TMEM2 in comparison with CEMIP are shown in Fig. 1A . The deduced amino acid sequence of TMEM2 consists of (from its N terminus) an 82-residue cytoplasmic domain, a single transmembrane domain, and 1278-residue extracellular domain. The extracellular domain contains one G8 domain (22) , one GG domain (23) , and three PbH1 repeats. In comparison, CEMIP contains one G8, two GG, and four PbH1 repeats, and the overall amino acid identity between CEMIP and the extracellular domain of TMEM2 is 48%.
We examined whether TMEM2 is indeed expressed as a type II transmembrane protein. Mouse TMEM2 cDNA tagged with a FLAG epitope at its C terminus was transiently transfected to WT . Cells were stained live with anti-FLAG antibody to detect surface-expressed TMEM2. Co-staining with Alexa Fluor 594-conjugated wheat germ agglutinin reagent (WGA) was used to visualize cell contours. Scale bars, 10 m. The experiment was repeated three times with similar results. C, analysis of cell surface expression by surface biotinylation assays. Cells were transfected with TMEM2 WT . Forty eight h after transfection, culture supernatants were harvested (Supernatant). Cells were then incubated with membrane-impermeable sulfo-NHS-SS-biotin and solubilized with RIPA buffer (Total lysate). Biotinylated proteins were isolated from total lysates with streptavidin-agarose (Surface). Equivalent amounts of these fractions were analyzed by immunoblotting with anti-FLAG M2 antibody. The experiment was repeated two times with similar results.
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MG-63 cells, and the expression of TMEM2 was probed by live immunostaining with anti-FLAG antibody. As shown in Fig.  1B , live staining with anti-FLAG antibody detected TMEM2 immunoreactivity on the cell surface, demonstrating not only the presence of the protein on the cell surface but also that the C terminus is outside the cell. To further investigate cell-surface expression of TMEM2, we performed a surface biotinylation assay on TMEM2-transfected MG-63 and 293T cells. This analysis confirms cell-surface localization of TMEM2 in both MG-63 and 293T cells (Fig. 1C, surface) . No TMEM2 was detected in culture supernatants (Fig. 1C, supernatant) .
Together, these results demonstrate that TMEM2 is a type II transmembrane protein, as predicted from its deduced sequence.
TMEM2 depolymerizes HA into fragments of ϳ5 kDa
To determine whether TMEM2 has the ability to depolymerize HA, we used a cell-based HA degradation assay, in which fluorescein-labeled HA (FA-HA) of various sizes was added to culture media of 293T cells transiently transfected with the FLAG-tagged, full-length TMEM2 cDNA (TMEM2 WT ). Parental 293T cells show no HA-depolymerizing activity in this assay (16) (see also the elution patterns with mock-transfected cells in Fig. 2A ). With TMEM2-transfected cells, HMW-HA with an average molecular size of 1500 kDa (FA-HA1500) was depolymerized into fragments of ϳ5 kDa ( Fig. 2A, HA1500 ). Smaller HA (FA-HA200 and FA-HA20) were also depolymerized into ϳ5-kDa fragments ( Fig. 2A, HA200 and HA20) , whereas HA fragments with an average size of 5 kDa ( Fig. 2A,  HA5) were not further degraded, suggesting that ϳ5 kDa (ϳ100 sugar residues long) is the smallest size on which TMEM2 can act.
It has been reported that the HYAL family hyaluronidases, such as HYAL1 and HYAL2, have broad substrate specificity and depolymerize not only HA but chondroitin sulfate and dermatan sulfate (11) . To examine the substrate specificity of TMEM2, we tested chondroitin sulfate (CS)-A, CS-C, CS-D, and dermatan sulfate (DS) in the same cell-based assay. None of these GAGs were depolymerized by TMEM2 (Fig. 2B) , indicating that the GAG depolymerizing activity of TMEM2 is specific for HA.
HA-depolymerizing activity of TMEM2 is Ca
2؉ -dependent
To gain insight into the enzymatic mechanism of TMEM2, we first examined the Ca 2ϩ dependence of HA-depolymerizing activity. Although there has been no report that the HYAL family hyaluronidases require Ca 2ϩ for their activity, some of the bacterial polysaccharide lyases, such as pectate lyases, with which TMEM2 shares the PbH1 repeats, are Ca 2ϩ -dependent (24 -26) . To examine the requirement for Ca 2ϩ , the HA degradation assay was performed with the membrane fraction of TMEM2-transfected 293T cells as an enzyme source. As shown in Fig. 2C , FA-HA1500 was depolymerized into ϳ5-kDa fragments in the presence of 1 mM CaCl 2 but not in the absence of CaCl 2 , demonstrating that TMEM2 requires Ca 2ϩ for its HAdepolymerizing activity.
Identification of amino acid residues critical for the enzymatic activity of TMEM2
Although a detailed elucidation of its exact enzymatic mechanism would ultimately require the three-dimensional structure of TMEM2 complexed with HA fragments, we sought to gain initial insight into this issue by examining the effect of mutagenesis of certain amino acid residues that are considered to be functionally important based on sequence information. One such residue is Arg 265 (Fig. 3A) , which positionally corre- 
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sponds to the site of the deafness mutation (Arg 187 ) in the human CEMIP gene (16, 27) . Because this mutation in CEMIP has been shown to reduce its HA-depolymerizing activity (16) (Fig. 3A) .
We generated single-and double-point mutants in which residues have been mutagenized as follows: R265C, D273N, D275N, D286N, E260N/D262Q, and E281Q/E283Q. We first confirmed that these mutagenized TMEM2 proteins were expressed at similar levels upon transfection into 293T cells (Fig. 3B) . HA degradation assays with 293T cells were performed with these mutants (Fig. 3C) . D275N, E260N/D262Q, and E281Q/E283Q mutants are as enzymatically active as wildtype TMEM2. In contrast, the activities of R265C, D273N, and D286N mutants were greatly reduced in comparison with wildtype TMEM2. Although the elucidation of the role of these residues requires the crystal structure of TMEM2, these results demonstrate that this region is important for the hyaluronidase activity of TMEM2.
pH optimum of TMEM2
The presence of TMEM on the cell surface (see Fig. 1 ) and its activity under standard cell culture conditions (see Fig. 2 ) strongly suggest that TMEM2 acts primarily on the cell surface. We sought additional insight into the cellular site of action of TMEM2 by examining the pH optimum for its HA-degrading activity. To prevent the contamination in this analysis by endogenous hyaluronidases residing in intracellular compartments, we produced an N-terminally truncated, soluble TMEM2 consisting only of its extracellular domain. Truncated TMEM2 was secreted into culture supernatants of 293T cells as a soluble protein migrating at ϳ180 kDa (Fig. 4A) . HA degradation assays were performed in a range of pH 4 -8 with concentrated culture supernatants as an enzyme source. Results from these experiments indicate that the soluble TMEM2 is active in the range of pH 5-8 with the highest activity around pH 6 (Fig. 4, B and C) , consistent with the notion that TMEM2 is functional in the extracellular environment. Below pH 5, TMEM2 quickly loses activity, becoming totally inactive at pH 4. This suggests that TMEM2 is unlikely to be enzymatically active in lysosomes. Additionally, the retention of enzymatic activity of this soluble form demonstrates that, unlike CEMIP, TMEM2 can exert the hyaluronidase activity independent of the participation of cellular endocytic pathways.
TMEM2-expressing cells degrade substrate-bound HA in a contact-dependent manner
Cell-surface localization of TMEM2 and the lack of release into culture supernatants (see Fig. 1 ) suggest that TMEM2 degrades matrix-bound HA upon cell contact or adhesion. To examine this mode of action, we devised an assay in which TMEM2-transfected 293T cells are cultured on a substrate of HA degradation assays with 293T cells were performed with TMEM2 mutants as indicated in the panels. The experiment with D273N and D275N was performed as a single experiment with a single mock sample, and gel filtration chromatography was run consecutively; therefore, the trace of the mock sample was reused in these two panels. The same is true for the experiment with E260N/D262Q and E281Q/E283Q. Downward arrowheads above the chromatograms represent, from left to right, elution peaks of FA-HA1500/FA-HA200 (both are eluted at V 0 ), FA-HA20, and FA-HA5, respectively. Each experiment was repeated three times with similar results.
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FA-HA1500 immobilized to amino-silanized glass (30) . In this assay, the spatial nature of HA degradation is revealed as "dark holes" in a fluorescent background. Cultures with mock-transfected cells revealed no holes in HA substrates (Fig. 5, mock) . In contrast, TMEM2-transfected cells created conspicuous holes, corresponding to the locations of cell clusters adhering to the substrate (Fig. 5, Wild-type TMEM2) . As an additional control, we examined cells transfected with the D273N mutant, which has greatly reduced hyaluronidase activity (see Fig. 3C ). D273N-expressing cells created less significant holes than cells transfected with wild-type TMEM2 (Fig. 5, D273N) . Together, these results indicate that cells expressing TMEM2 can degrade matrix-bound HA at sites of cell-substratum contacts.
Absolute quantification of transcript copy numbers reveals that Tmem2 is expressed much more highly than Cemip in normal mouse tissues
To gain insight regarding the physiological sites of TMEM2 action, we analyzed Tmem2 mRNA expression in various mouse tissues. In doing so, we also sought to compare the expression levels of Tmem2 and Cemip, because both are presumed to act on the same substrate. However, standard expression profiling techniques, such as qPCR and microarray analysis, do not allow comparison of expression levels between different genes ("inter-gene" comparison). Therefore, to enable inter-gene comparison between Tmem2 and Cemip, we performed absolute quantification of mRNA copy numbers using the standard curve method (31) . As shown in Fig. 6A , Tmem2 is widely expressed in essentially all organs examined, with copy numbers greater than 2 ϫ 10 5 copies per g of total RNA. (In comparison, Hyal2 mRNA is expressed at 4.1 ϫ 10 5 , 7.3 ϫ 10 5 , and 1.4 ϫ 10 5 copies per g of total RNA in the heart, liver, and lung, respectively.) An especially high level of Tmem2 expression was found in the lung (1.6 ϫ 10 6 copies per g of total RNA). Also noteworthy is that the expression level of Tmem2 is much higher than that of Cemip in the majority of organs, except for the brain, spleen, and synovium where they are expressed at similar levels. Essentially no Cemip transcripts were detected in the lung, liver, salivary gland, colon, kidney, and ureter. Developmental expression was examined in whole mouse embryos at embryonic day (E) E11, E15, and E17 (Fig.  6B) . A high level of Tmem2 expression was found at embryonic day E11, after which expression declines. Little Cemip expression was detected at any time point examined. Together, these data demonstrate that in essentially all adult tissues and during embryonic development, Tmem2 is much more abundantly expressed than Cemip. ECT ) or without cDNA (Mock), and culture supernatants were immunoblotted with rabbit polyclonal anti-TMEM2 antibody. B, HA-degrading activity of soluble TMEM2 at different pH conditions. FA-HA1500 (0.06 g/ml) was incubated for 16 h with concentrated culture supernatants from TMEM2
ECT -transfected or mock-transfected 293T cells in reaction buffers adjusted to pH 4 -8 as indicated in the figure. Degradation of HA was analyzed by gel filtration on Sephacryl S-300 HR. Downward arrowheads above the chromatograms represent, from left to right, elution peaks of FA-HA1500/FA-HA200 (both are eluted at V 0 ), FA-HA20, and FA-HA5, respectively. The experiment was repeated two times with similar results. C, pH profile of the hyaluronidase activity of soluble TMEM2. Enzyme activity is expressed as a percentage of fluorescence counts that represent depolymerized HA relative to the total fluorescence input. WT (WT), D273N (D273N), or without cDNA (Mock) were plated on a substrate of FA-HA1500 immobilized to amino-silanized glass. After incubating for 60 h, cultures were examined on a confocal microscope with both fluorescence imaging (top panels) and bright field imaging (bottom panels). Note that TMEM2-expressing cells eliminate substrate-bound HA corresponding to the location of cell clusters. Scale bar, 100 m. The experiment was repeated four times with similar results.
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Discussion
Catabolism of HA involves multiple steps mediated by enzymes present in different cellular compartments. The widely accepted model (11) proposes that HMW-HA in the extracellular matrix is first cleaved into intermediate-size HA by extracellular/cell-surface hyaluronidase. Subsequently, intermediate-size HA is internalized and further degraded by lysosomal hyaluronidase. Finally, these HA fragments are degraded into monosaccharides by lysosomal exoglucosidases. Considering the extremely large molecular size of HA, it is reasonable that the size of HA needs to be reduced significantly before cells can internalize it for further degradation. One of the key questions regarding this catabolic cascade has been the molecular identity of the hyaluronidase(s) that cleaves HMW-HA on the cell surface and/or in the extracellular space. Although the HYAL family molecules, including HYAL1 and HYAL2, have been considered to play an important role in the catabolism of HA, the biochemical and biological properties of these molecules are not consistent with those expected of an enzyme that cleaves HMW-HA on the cell surface and/or in the extracellular space. Their acidic pH optima and localization in lysosomes suggest that they function primarily as lysosomal enzymes (7, 8) . Interestingly, Harada and Takahashi (32) reported that HYAL2, a GPI-anchored molecule that is localized intracellularly when transfected alone into 293T cells, is translocated to the cell surface upon co-transfection of CD44, suggesting the possibility that it may act as a cell-surface hyaluronidase in the presence of CD44. Still, in view of a number of conflicting data regarding its pH optimum (9, (32) (33) (34) and subcellular localization (9, (33) (34) (35) (36) , the significance of HYAL2 as a cell-surface hyaluronidase is far from clear. Two other HYAL family molecules, PH-20/SPAM1 and HYAL5, are active in near neutral pH and can degrade HA in the extracellular environment (12, 37) . However, because their expression is largely restricted to the testis (12, 37) , it is unlikely that they function as principal cell surface/extracellular hyaluronidase in a broad range of somatic tissues and cell types.
In contrast, the molecular and biochemical properties of TMEM2 are consistent with those expected for a hyaluronidase that functions on the cell surface. Cell-surface localization of TMEM2, as well as its membrane topology as a type II transmembrane protein, is confirmed by two independent approaches, namely surface biotinylation assay and live immunocytochemistry (Fig. 1) . Elimination of substrate-bound HA in the area of cell-substrate contact (Fig. 5) shows that TMEM2 is not only present on the cell surface but is also functional in this location. The pH optimum of TMEM2 (Fig. 4) is also consistent with the notion that TMEM2 acts in the extracellular environment. The steep loss of activity below pH 5 suggests that TMEM2 is unlikely to function in lysosomes, although this does not entirely rule out the possibility that TMEM2 is enzymatically active in early endosomes where pH ranges from 6.0 to 6.5.
Along with TMEM2, CEMIP is another potential hyaluronidase that can function on or in the vicinity of the cell surface. Nevertheless, CEMIP has several features that are inconsistent with the notion that it is a hyaluronidase that functions in the extracellular space. For example, although CEMIP is a secreted protein with an N-terminal signal sequence (38) , culture supernatants of CEMIP-transfected cells show little HA-degrading activity (16) , and CEMIP is detected mainly intracellularly (16, 17) . Concerning the lack of activity in culture supernatant, Yoshida et al. (16) reported that CEMIP-mediated HA degradation requires the participation of the clathrin-coated pit pathway, suggesting that CEMIP may function in intracellular compartments rather than in the extracellular space. Thus despite structural similarities, the properties of TMEM2 and CEMIP are distinct, and the primary site of hyaluronidase activity of CEMIP may not be cell surface or extracellular space.
This study has also revealed a stark difference in the expression levels of Tmem2 and Cemip mRNAs in various normal tissues and organs in mice. Our absolute quantification analysis demonstrates that at the mRNA level, Tmem2 is much more highly expressed than Cemip in essentially all normal adult tissues and organs (see Fig. 6 ). The extremely low copy number of Cemip transcripts in several tissues, such as the heart, lung, liver, salivary gland, colon, and kidney, suggests that only a very small amount of CEMIP protein, if any, is present in these tissues. Although the copy number of transcripts does not necessarily reflect the level of enzymatic activity, it is not unreasonable to suppose that CEMIP plays only a minor physiological role as a hyaluronidase in these tissues. It has been reported that the expression of CEMIP is induced by histamine and in inflammatory tissues (16) and that CEMIP is strongly up-regulated in human cancers, especially in those with poor prognosis (17, TMEM2, a novel cell-surface hyaluronidase 39 -41) . These observations, together with low expression in normal tissues, may indicate that CEMIP is expressed primarily under pathological conditions. At present, nothing is known about the physiological role of TMEM2 in mammals, but its broad expression pattern suggests that it plays a functional role in various developmental and physiological contexts. The observations that mutations in the zebrafish tmem2 (frozen ventricle and wickham) manifest as lethal defects in heart development suggest that the embryonic heart is one of the important sites in which TMEM2 plays a critical role in mammals. These zebrafish mutants exhibit abnormal cardiac looping accompanied by diminished constriction of the atrioventricular canal. Detailed analyses of the zebrafish heart phenotype indicate that Tmem2 plays a critical role in endocardial and myocardial morphogenesis by facilitating the migration of myocardial and endocardial cells while restricting endocardial cushion formation (19, 20) . These observations resonate with the fact that HA, being the main component of cardiac jelly, plays a critical role in endocardial cushion development; mutant mice of hyaluronan synthase 2 (Has2) and the HA-binding proteoglycan versican (Vcan) exhibit defects in endocardial cushion development (42) (43) (44) . In fact, Smith et al. (19) noticed in zebrafish wickham mutants that HA levels are increased in the developing heart, which is consistent with the possibility that zebrafish Tmem2 is a physiological hyaluronidase. Because these zebrafish studies were conducted and interpreted while unaware of the function of TMEM2 as a hyaluronidase, it will be interesting to revisit the data to see if some or all of these phenotypes can be explained by the premise that TMEM2 functions as a hyaluronidase in this developmental context. This would provide insight into whether TMEM2 functions solely as a hyaluronidase or has an additional function, possibly as a signaling receptor.
In conclusion, this study provides evidence that TMEM2 is a novel cell-surface hyaluronidase. The biochemical and cell biological properties of TMEM2 suggest that it is the long soughtafter hyaluronidase that cleaves extracellular HMW-HA into intermediate-size fragments on the cell surface. Identification of TMEM2 as a hyaluronidase should promote our understanding of the catabolism of HA and its functional significance in development and disease.
Experimental procedures
Cell culture
293T and MG-63 cells were obtained from American Type Culture Collection (Manassas, VA) and cultured in DMEM and minimum Eagle's medium, respectively. Both media were supplemented with 10% fetal bovine serum and 100 units/ml penicillin and 100 g streptomycin.
Construction of expression vectors
Mouse TMEM2 cDNA (BC076570) was amplified by PCR and subcloned into a pcDNA3 (Thermo Fisher Scientific, Waltham, MA)-based vector that had been modified to fuse a FLAG tag to the C terminus of TMEM2 (designated as TMEM2 WT ). Point mutants of TMEM2 were generated from TMEM2
WT by using the QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). Six constructs with single and two double point mutations were generated, namely R265C (i.e. Arg 265 was mutagenized to Cys, and so on), D273N, D275N, D286N, E260N/D262Q, and E281Q/E283Q. All these mutagenized TMEM2 constructs were C-terminally FLAG-tagged as is the case with TMEM2
WT . All constructs were confirmed by sequencing.
HA degradation assay with cells in culture
293T cells in a 12-well plate (6 ϫ 10 5 per well) were transiently transfected with FLAG-tagged wild-type and mutagenized TMEM2 constructs (see above) using TransIT-X2 (Mirus Bio, Madison, WI). After 8 h, fluoresceinamine (FA)-labeled GAGs (0.1 g/ml or 0.5 g/ml) were added to cells. FA-labeled HA of the average molecular size of 1500, 200, 20, and 5 kDa (FA-HA1500, FA-HA200, FA-HA20, and FA-HA5), FA-labeled chondroitin sulfate A, C, and D (FA-CSA, FA-CSC and FA-CSD), and FA-labeled dermatan sulfate (FA-DS) were purchased from PG Research (Tokyo, Japan). After a 72-h incubation with GAGs, the medium was harvested, and the size of GAGs was analyzed on a Sephacryl S-300 HR (GE Healthcare) column (1.6 ϫ 18 cm) equilibrated with in PBS containing 0.2% NaN 3 . Fractions of 1.0 ml were collected at 0.7 ml/min, and fluorescence signals (excitation, 485 nm; emission, 535 nm) were measured by a Beckman DTX880 multimode plate reader.
HA degradation assay with the membrane fraction
293T cells (3 ϫ 10 6 cells in a 6-cm dish) were transfected with TMEM2
WT . After a 48-h incubation, cells were harvested with PBS, and homogenized with Dounce homogenizer (Wheaton) in 50 mM HEPES buffer (pH 7.0). The suspensions of disrupted cells were first centrifuged at 500 ϫ g for 5 min at 4°C, and then the supernatant was centrifuged at 10,000 ϫ g for 10 min. The pellets ("P2 fraction") were resuspended in 0.15 ml of 50 mM HEPES buffer (pH 7.0). For reaction, 0.05 ml of the resuspended P2 fraction was mixed with 0.55 ml of FA-HA1500 (final HA concentration of 0.1 g/ml) in 50 mM HEPES buffer (pH 7.0) with or without 1 mM CaCl 2 and incubated at 37°C for 12 h, followed by gel filtration on Sephacryl S-300 HR and fluorescence measurement, as described above.
HA degradation assay with recombinant soluble TMEM2
To examine the effect of pH on enzymatic activity, recombinant soluble TMEM2 was produced. The cDNA of the extracellular domain of mouse TMEM2 (residues Ser 104 to Leu 1383 ) was amplified by PCR and subcloned into pSecTag2A (Thermo Fisher Scientific), which contains a mouse Ig signal sequence. The Myc and His tags present in pSecTag2A were not added to the recombinant protein, as their presence was found to have detrimental effects on the expression level. The resultant construct (designated as TMEM2 ECT ) was transfected into 5 ϫ 10 6 293T cells in a 10-cm dish. After a 72-h incubation, culture supernatants were collected and concentrated using Vivaspin concentrators (molecular mass cutoff, 5000 Da; Sigma). For reaction, 0.03 ml of the concentrates were mixed with 0. 
Surface biotinylation
MG-63 and 293T cells (1 ϫ 10 6 in a 6-cm dish) were transfected with TMEM2 WT . Forty eight h after transfection, cellsurface proteins were biotinylated by incubation with 1 mg/ml of membrane-impermeable EZ-link sulfo-NHS-SS-biotin (Thermo Fisher Scientific) in PBS for 30 min at room temperature. Non-reacted biotin was quenched by 50 mM Tris (pH 8.0). Cells were washed with PBS three times and then lysed with 500 l of RIPA buffer. Cell lysates were incubated with 25 l of streptavidin-agarose (Novagen) for 30 min at room temperature. After washing precipitates with RIPA buffer, biotinylated cell surface proteins were eluted by heating in SDSsample buffer at 95°C for 10 min. Equivalent amounts of wholecell lysates and biotinylated surface fractions were separated by SDS-PAGE. TMEM2 was detected by immunoblotting with mouse monoclonal anti-FLAG antibody (M2, Sigma).
HA immobilization on glass bottom dishes and in situ HA degradation assay
To prepare glass substrates to which HA is immobilized, we employed the method described by Werb et al. (30) . Glass bottom dishes (35 mm in diameter; MatTek Corp., Ashland, MA) were washed sequentially with 20% HNO 3 , water, 0.1 N NaOH, and water. Dried dishes were exposed to 2% ␥-aminopropyltriethoxysilane in acetone for 5 min at room temperature, followed by rinses with water and PBS. The dishes were treated with 0.25% glutaraldehyde in PBS for 30 min at room temperature, washed with PBS, and incubated with 0.5 mg/ml FA-HA1500 in PBS for 2 h at room temperature. After rinsing with PBS, dishes were immediately used for HA degradation assays, in which 293T cells transfected with TMEM2
WT or D273N were seeded at a density of 0.2 ϫ 10 5 cells per dish and cultured for 60 h in a CO 2 incubator. Degradation of substratebound HA by cells was examined by live imaging on a Zeiss LSM710 confocal microscope.
Absolute quantification of mRNA copy numbers
Mouse total RNA of the adult brain, eye, heart, kidney, liver, lung, salivary grand, spinal cord, spleen, stomach, testis, smooth muscle, and whole embryos at 11, 15, and 17 embryonic days was purchased from Clontech (mouse total RNA master panel, 636644). Total RNA from the small intestine, colon, kidney, ureter, bladder, prostate, lymph node, articular cartilage and synovium was isolated using RNeasy mini kit (Qiagen). cDNA was synthesized from 1 g of total RNA using the SuperScript VILO Master Mix (Thermo Fisher Scientific). For qRT-PCR, TaqMan gene expression assay was carried out using LightCycler 96 system (Roche Applied Science) with TaqMan primer/probe sets for mouse TMEM2 (Mm00459599_m1) and CEMIP (Mm00472921_m1) obtained from Applied Biosystems (Foster City, CA). For absolute quantification, standard curves were generated with Ct values obtained from qPCR of various copy numbers of reference plasmids containing the coding regions of mouse TMEM2 and CEMIP (pcDNA3-TMEM2 and pcDNA3-CEMIP). Biological triplicates of qPCR assay were analyzed, and copy number of mRNA was calculated based on the standard curves.
Immunoblotting
For immunoblotting analysis of wild-type and point mutants of TMEM2, transfected cells were lysed in 4 M urea, 4% SDS in 100 mM Tris buffer (pH 8) containing protease inhibitor mixture (Sigma). For soluble TMEM2, culture supernatants of TMEM2
ECT -transfected cells were collected and supplemented with protease inhibitor mixture. In these samples, protein concentration was determined by the BCA method (Thermo Fisher Scientific). Samples containing equal amount of proteins were separated by 8 -16% SDS-PAGE under a reducing condition and transferred to Immobilon-P membranes (Millipore). After blocking, membranes were probed with anti-FLAG M2 antibody (1:2500, F3165, lot 60K9181, Sigma) for the detection of full-length TMEM2, rabbit polyclonal anti-TMEM2 antibody (1:2500, SAB2105088, lot QC12843; Sigma) for the detection of soluble TMEM2, and anti-␣-tubulin (1:5000, T6074, lot 046K4770, Sigma; as loading controls). After incubation with anti-mouse IgG HRP (1:2000, catalog no. 1721011; Bio-Rad) or anti-rabbit IgG HRP antibody (1:2000, catalog no. 1706515; Bio-Rad), protein bands were visualized using SuperSignal West Pico chemiluminescence substrate (Thermo Fisher Scientific). 
